Soil carbon dioxide emission (ECO2) is a process determined by biotic and abiotic factors influenced by land use and management practices. In grassland ecosystems, grazing intensity may affect C input from plants into soil, and thus may also change soil respiration rate. Indeed, limited information is available regarding the effects of grazing management on ECO2. This study was conducted to evaluate ECO2 seasonal variation, and its relationship to soil temperature (Tsoil) and precipitation, in an area with different pasture heights of Marandu palisade grass [Brachiaria brizantha (A.Rich.) Stapf.]. The pasture heights (15, 25, and 35 cm) were distributed in a completely randomized design with 12 repetitions in each area. The evaluations of ECO2 and Tsoil occurred from January 2011 to February 2013, totaling 73 d of observation that were distributed according to climatic seasons. The results showed that seasonal variation of ECO2 was directly related to variations in precipitation and Tsoil. Soil CO 2 emission was higher in summer and lower in winter. The data variability of ECO2 was higher in rainy, hot summers than in dry, cold winters. A positive linear association between ECO2 and Tsoil was observed in summer and autumn. In most seasons measured, ECO2 reduced with increasing pasture height. Accordingly, 2-yr data indicated that accumulated ECO2 decreased with increasing pasture height. Thus to better understand the effect of pasture height on ECO2, a shorter period of measurements is not suitable since a different result was observed in the first year of evaluation.
Soil respiration from both auto-and hetero-trophic sources involves chemical, physical, and biological processes. Soil biotic and abiotic factors, such as substrate supply, temperature, moisture, O, N, texture, and pH value, affect CO 2 production in the soil by roots and organisms, and consequently the gaseous exchanges between soil and atmosphere (Luo and Zhou, 2006b) .
The biological activity within soil is closely linked to the supply of assimilates from aboveground and therefore is directly dependent on photosynthesis . As plant productivity changes according to variations in abiotic factors during the year, the same occurs to ECO2 seasonal fluctuations. Considering that Tsoil and soil moisture are limiting factors to biological activities in general, the pattern of precipitation and temperature variations in a given region determines ECO2 seasonal fluctuations (Pinto et al., 2002; Varella et al., 2004; Brito et al., 2009; Liebig et al., 2013) .
Carbon cycle regulation depends on the balance between CO 2 uptake and assimilation by photosynthesis, and release of gaseous C through respiration (Conant, 2010) . Human landuse activities influence ecosystem C balance, changing the vegetation and soil dynamics, and often prompting further increase in C release and decreased C uptake (Conant, 2010) . In grassland ecosystems, when the disturbance promotes excessive removal of biomass and alters soil function, it can lead to soil C release (Conant, 2010) . However, defining this appropriate level of pasture utilization to satisfy not only the production goals but also the requirement to sustain grassland ecosystems over the medium to long term is a difficult task. Thus, an important issue that remains unexplored is the effect of different grazing intensities in relation to ECO2. In the present work, we quantified the seasonal ECO2 variation over a period of 26 mo and analyzed its relationship to Tsoil and precipitation in an area with different pasture heights. The results presented herein may contribute to furthering the current understanding about greenhouse gas emissions in managed tropical grassland.
MATERIALS AND METHODS
The study was performed at Sao Paulo State University (UNESP), Jaboticabal, Sao Paulo, Brazil, located at 21°15¢ S and 48°18¢ W. The climate of the region is characterized by tropical rainy summers and dry winters. The soil is a clayey Oxisol, with a pH of 5.0, and average particle size of 29% clay, 10% silt, and 61% sand, in the surface layer (0-20 cm). Total C content was 18.8, 12.0, and 10.8 g kg -1 , respectively for 0 to 5, 5 to 10, and 10 to 20 cm, totaling 41.3 Mg C ha -1 . The Marandu palisade grass pasture has been grazed since it was planted in 2001. Fertilizer was applied at the beginning of the rainy season of each year, using 200, 150, and 180 kg ha -1 of N-P 2 O 5 -K 2 O (04:14:08), respectively in December 2010 December , 2011 December , and 2012 . Nitrogen was applied as urea at 45 kg N ha -1 each time in all paddocks according to variations in precipitation in each year. Thus, four, two, and three applications were made during each rainy season in 2011, 2012, and 2013, respectively. The treatments were three pastures heights (15, 25, and 35 cm) distributed in a completely randomized design with 12 replications in each area. The areas of the paddocks were 0.7, 1.0, and 1.3 ha, according to the grazing intensity imposed (smaller the area, smaller the pasture height). The pasture was managed under continuous stocking, from December to April of the years studied, with put and take stocking method (Allen et al., 2011) using beef steers (Nelore), to maintain the pasture heights. In this period, the stocking rate varied from 6.64 to 7.09, 4.93 to 5.03, 3.94 to 4.08 animal units (AU) ha -1 , respectively for the heights of 15, 25, and 35 cm. However, after May, as soil moisture and temperature decreases, a reduction in forage mass was observed. Consequently, it was necessary to reduce the number of animals in the paddocks. The area of 15 cm pasture height was not grazed from May to August, and a fixed stocking rate of 2.62 and 2.45 AU ha -1 was used for 25 and 35 cm pasture heights, respectively. From September to November, a rotational grazing management was used, with stocking rate varying from 5.10 to 6.54 AU ha -1 . As the managed pasture height in the wet period affect the pasture in the subsequent seasons, the evaluations occurred throughout the year even though there were no animals grazing.
The evaluations were performed in the morning (0800-1000 h) from January 2011 to February 2013, totaling 73 d of observation. The measurements were aggregated according to climatic season, namely: summer (DecemberFebruary), autumn (March-May), winter (June-August), and spring (September-November), with mean air temperature of 24.5, 22.1, 19.8, and 23.9°C and mean precipitation of 644, 362, 100, and 315 mm, respectively (Fig. 1) .
The ECO2 evaluations were recorded with a portable infrared spectrometer (LI-8100, LI-COR Biosciences, Lincoln, NE) which was placed on polyvinyl chloride collars previously inserted at a depth of 3 cm into soil, between plants, being representative of root contribution to soil respiration due to the clumped growth habit of the studied cultivar (Rossiello and Antunes, 2012) . The system was based on infrared absorption spectroscopy, which analyzes time changes of CO 2 concentration inside the chamber once it is placed onto the soil PVC collar. Soil temperature was monitored by using a 12-cm depth with a thermistor-based probe inserted into the soil, near the PVC collars. Precipitation was recorded by a meteorological station located 1 km away from the experimental site.
Descriptive statistics (minimum, maximum, mean, mean SE) were used to show ECO2 and Tsoil data variation characteristics according to treatments or along the studied seasons. Data were analyzed as a completely randomized design with time repeated measurements, using the following model: Yij = m + PHi + Error(a) + Tj + PHiTj + Error(b) (Yij: value of each observation, m: general mean, PHi: effect of pasture height i, Error(a): plot error, Tj: effect of time j, PHiTj: effect of interaction, Error(b): general error), considering pasture height, time, and interaction as fixed effects and with plot error and general error as random effects. Total integrated soil CO 2 emission (ECO2t) data was analyzed according to the model: Yij = m + PHi + Error(a) (Yij: value of each observation, m: general mean, PHi: effect of pasture height i, Error(a): general error), considering pasture height as fixed effect and general error as random effect. The analyses were conducted using SAS Proc Mixed, and orthogonal polynomial contrasts were used for level comparisons (Littell et al., 2006) . A linear regression was fitted to ECO2 and Tsoil, and slopes comparison among pastures heights and climatic seasons were performed according to Kaps and Lamberson (2004) .
RESULTS

Seasonal Variation of Soil Carbon Dioxide
Emission and Soil Temperature The results along the period of January 2011 to February 2013 show seasonal variation of ECO2. The climatic seasons defined a variation in the ECO2 pattern along each year analyzed as depicted by daily mean soil ECO2 measurements ( Fig. 2) as well as by the differences in the mean values among seasons and within seasons among years (Table 1) . Soil CO 2 emission was higher in the summer, intermediate in autumn and spring, and lower in winter. However, when considering seasonal daily means, minimum ECO2 occurred in spring. The data variability of ECO2 was higher in the rainy and hot summers when compared to the dry and cold winters typical of the region studied. These results were directly related to variations observed in the precipitation and Tsoil along each year (Table 1) .
With the exception of a high accumulated precipitation observed in March 2011 (496 mm) resulting in a total precipitation of 595 mm for that autumn, precipitation was generally highest in the summer, intermediate in autumn and spring, and lowest in winter (Table 1) . Comparing the summer results of the 3 yr, the ECO2 values seemed to match the precipitation levels. Indeed, the highest mean ECO2 obtained was for the summer of 2013 followed by the summers of 2011 and 2012. Accordingly, the summer of 2013 had the highest precipitation levels followed by the summers of 2011 and 2012 (Table 1) .
The range of daily mean Tsoil had larger variation amplitude in the autumn and spring than in the summer and winter (Table 1) . Considering the whole of the studied period, the linear association between ECO2 and Tsoil was positive and significant (r = 0.64; P < 0.0001; general equation, Fig. 3a) . However, when data were analyzed according to the seasons, a strong association was observed between ECO2 and Tsoil in summer and autumn. The ECO2 sensitivity to Tsoil ("b" value, in Fig. 3a) progressively reduced from summer to autumn. No association between ECO2 and Tsoil was found for the winter and spring periods studied (P > 0.05).
As a consequence of this seasonal variation, the relative contribution of each climatic season to the total ECO2 averaged 38.8, 25.7, 15.6, and 19.9% for the summer, autumn, winter, and spring seasons of 2011 and 2012, respectively ( Table 2) .
Variation of Soil Carbon Dioxide Emission in Response to Pasture Management
A linear reduction in ECO2 with the increase in pasture height was observed in the winters (Fig. 4a) . In the other seasons, this effect was not always present; however, when it occurred, a similar linear reduction was noticed (Fig. 4a) . When the daily data were evaluated, only 17 out of the 73 d showed significant changes, with negative relationship between ECO2 and pasture height. The 2-yr accumulated ECO2 was also negatively associated with pasture height (P < 0.001) ( Table 2) .
Variation of Soil Temperature in Relation to Pasture Management
Different pasture heights lead to distinct soil microclimates that directly affect Tsoil (Fig. 4b) . In all climatic seasons we observed the same linear relation (P < 0.05) of Tsoil reduction with the increase of pasture height, which was significant in 91% of studied days. The range of Tsoil between the 15 and 35 cm pasture averaged 0.6 to 1.9°C. The sensitivity of ECO2 in relation to variation in Tsoil, attained by a linear model ECO2 = a + b × Tsoil, was similar among pasture heights (P > 0.05) (Fig. 3b) .
DISCUSSION Seasonal Variation of Soil Carbon
Dioxide Emission Precipitation events determined seasonal variation of ECO2, suggesting that the increase in soil moisture occurring mainly in the rainy summers probably enhanced root respiration, due to plant growth, and microbial processes involved in the decay of soil labile organic matter with consequent augmentation of production and emission of CO 2 (Luo and Zhou, 2006a) . Furthermore, to maintain the proposed pasture heights under grazing, N fertilizers were applied in growing season. Thus, in combination to precipitation, biological activity was enhanced by N availability. Moreover, as water enters the soil, the gases in the soil are displaced, favoring CO 2 release (Luo and Zhou, 2006b) .
Rainy summers were characterized by higher Tsoil, resulting in conditions favorable for biological activity (Luo and Zhou, 2006b) . Similar data showing that the rainy season also resulted in higher ECO2 values when compared to the dry period were found in areas cultivated with sugarcane (Sacharum officinarum L.) (Brito et al., 2009) , in "campo sujo" (open, grass dominated) (Pinto et al., 2002) and in both pasture and native savanna (Varella et al., 2004) in Central Brazil. The ECO2 gradually decreased as the autumn season progressed probably due to both restriction in precipitation events and decrease in Tsoil. The wide variability of ECO2 found throughout the years analyzed matched the occurrence of days without rainfall followed by rainfall events.
Reduction in ECO2 in autumn compared to summer reached 43% in 2011 and 29% in 2012. Emissions values were similar in autumn of both years. The accumulated precipitation in 2011probably had favored higher ECO2 in this summer, and consequently, higher values in autumn 2011 could also be expected. However, the specific reduction in ECO2 mean values from 5.66 to 2.94 µmol CO 2 m -2 s -1 in the first 3 wk of March 2011 also contributed to the ECO2 reduction in autumn 2011, indicating that excess water in the soil limited gas production and transport. According to Varella et al. (2004) , ECO2 shows a positive relationship with the increase in soil moisture up to 30% of water-filled pore space; above that, in conditions of higher moisture, ECO2 decreases. Indeed, a negative relationship between soil respiration and soil water content with consequent restriction on ECO2 was observed in the rainy season of the tropical rain forest in French Guiana (Epron et al., 2006) . In this same period, we observed a reduction of Tsoil and global irradiance, which may have reduced plant growth and consequently root and soil microbial activity, and resulted in the reduction of ECO2. Soil CO 2 emission sensitivity to Tsoil variation fluctuated significantly with the seasons. Indeed, the response of ECO2 in the summer was significantly higher than that obtained in other seasons, indicating that this range of variation of Tsoil in summer (23.9°C in mean and amplitude among daily means of up to 2.7°C) is more conducive to soil biological activity and also to the forage root system respiration.
Autumn and spring presented similar responses in ECO2 sensitivity to variations in Tsoil. However, for the same Tsoil, in the autumn the ECO2 was higher than in the spring. Similar amplitude of Tsoil variation was also observed for autumn and spring; however, soil moisture limitation was probably higher at the beginning of spring than in the autumn. Indeed, while in autumn Tsoil and soil moisture tend to reduce over time, the opposite happens in spring. Therefore, in the beginning of the spring Tsoil and soil moisture are still low, and even if Tsoil begins to rise, the ECO2 response only occurs after rainfall events. Thus, the soil moisture characteristics of these seasons may explain the lower sensitivity of ECO2 to the variation in Tsoil in spring. Zhou et al. (2007) also reported that long droughts suppressed soil CO 2 efflux irrespective of the higher Tsoil. Hence, when soil moisture is adequate to support biological activity, soil temperature becomes an important determinant for soil respiration (Carbone et al., 2011) . In winter, the low mean Tsoil values and the greater restriction in precipitation were both adverse to biological activity in general. However, the negative relationship between ECO2 and Tsoil was nonsignificant (P = 0.11). Liebig et al. (2013) analyzed seasonal ECO2 data of a semiarid region in the United States under different grazing management systems. While no correlation was found between ECO2 and Tsoil in summer, a correlation was found in spring and autumn. The authors explained their findings by stable Tsoil conditions in the summer, rapid plant growth in the spring, and senescence in the autumn.
Variation of Soil Carbon Dioxide Emission in Relation to Pasture Management
Changes in land use, both as a result of disturbances in the natural ecosystems or by the adoption of different farming systems, can affect the C and N cycles and promote differences in ECO2 (Raich and Tufekcioglu, 2000) . While significant results for ECO2 were observed in some seasons and in 34% of the evaluated days, the accumulated ECO2 showed difference among pasture heights. Total ECO2 was higher than the observed in areas of pasture in temperate regions (Frank et al., 2006; Liebig et al., 2013) , forest areas (Feigl et al., 1995) , and different crop cultivation systems (Frank et al., 2006; Carmo et al., 2013) . The longer growing season in the warm conditions in the tropics, associated with relatively high photosynthetic efficiency of C4 plants (Ludlow, 1985) , as Marandu palisade grass, can result in high dry matter production, and consequently increased forage root and microbial respiration. Besides that, pastures are ecosystems where dense root system and root turnover favor biological activity and lead to high ECO2 (Schaufler et al., 2010) .
Studies analyzing the effect of grazing intensity on ECO2 are scarce and of difficult comparison due to variations in the experimental conditions employed by the authors. Gavrichkova et al. (2010) verified lower ECO2 after defoliation when compared to non-defoliated plots, but no significant effect was observed when a moderate grazing pressure was compared to the plot without defoliation. Cao et al. (2004) showed that areas under intensive grazing produced lower ECO2 than lightly grazed areas. The authors suggested that the effect was due to lower belowground biomass and fewer microorganisms acting in the decomposition. Another explanation was forwarded by Zhou et al. (2007) , who suggested that reduction of the photosynthetic apparatus, either by cutting or grazing, can temporarily reduce the C supply to the roots and soil microorganisms and decrease ECO2. In contrast, Bardgett et al. (1997) found that grazing resulted in higher soil microbial activity when compared to ungrazed areas and suggested that the rapid return of labile substrates and nutrients through feces and urine accounted for their observations.
The experimental conditions employed in this work differ from those reported in the aforementioned studies, making a comparative analysis difficult. Indeed, we did not observe a seasonal consistency in the effect of pasture grazing on the levels of ECO2, except in the winters where persistent high levels of ECO2 were observed in intensively grazed pastures. However, ECO2 always decreased with increasing pasture height when the effect of pasture height was significant, resulting in cumulative significant differences among pasture heights.
The varied ECO2 response obtained by our and other studies may be the result of complicated interactions between biotic and abiotic factors and management practices. According to Gavrichkova et al. (2010) , fluctuations in abiotic effects, especially Tsoil and soil moisture, make it difficult to understand the effect of defoliation on ECO2 variations. When a pasture area is exposed to grazing, the leaf area index and, consequently, Tsoil are modified when compared to an ungrazed pasture. As a consequence, different variables can explain the flow conditions of grazed and ungrazed plots (Polley et al., 2008) . According to Liebig et al. (2013) , the differences in ECO2 among years and seasons occurred due to the favorable conditions for plant growth, and thus, irrespective of the management treatments proposed in the study. Therefore, it is important to consider the effects of pasture management on studies of ECO2 seasonal variations, and not just climate variables. Future studies are needed to elucidate the role of each of those factors affected by management in the seasonal variation of ECO2. Notwithstanding, Tsoil had a preponderant effect on ECO2 among pasture heights in the present study. Differences in accumulated ECO2 due to pasture management reinforce the importance of long term studies in quantifying soil gases emissions.
